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Introduction
Cell–cell adhesion is a fundamental structural feature of multi­
cellular organisms. It is therefore important to understand how 
cell–cell adhesion mechanisms evolved and how they have con­
tributed to the generation of diversity among animal species. Cell 
adhesion in animal cells is mediated by a set of specialized 
membrane structures termed intercellular junctions. Over the 
course of morphological evolution, metazoan animals have also 
diversified the architecture of their cell–cell junctions. Epithelia 
in the vertebrates typically have a junctional complex compris­
ing a tight junction (TJ), adherens junction (AJ), and desmo­
some; these junctional types are located in this order starting 
from the apical end of the lateral cell–cell contacts (Fig. 1 A; 
Farquhar and Palade, 1963). In contrast, the arthropods bear the AJ 
and the septate junction (SJ), but no TJ or desmosome (Fig. 1 A). 
Despite such variations in overall junctional architecture, AJs 
are  detected  throughout  the  metazoan  phyla,  whereas  other 
junctional types show restricted phylogenetic distributions 
(Fig. 1 B). Thus, AJs could be considered the universal adhe­
sion machinery for the generation and maintenance of multi­
cellular animal bodies.
Studies of the vertebrates and Drosophila have identified 
the cell–cell adhesion molecules responsible for the formation 
of these different junctions. In both groups, “cadherins” have 
been identified as molecular components of the AJs (Fig. 1 A). 
Cadherins are transmembrane proteins that have characteristic 
repeated extracellular cadherin domains (ECs), each composed 
of 110 amino acid residues, and a cytoplasmic region that 
binds p120­catenin and ­catenin/Armadillo at separate sites. 
p120­catenin stabilizes cadherins at the cell membranes, and   
­catenin/Armadillo mediates the interactions of cadherins with 
the actin cytoskeleton via ­catenin; these processes play key 
roles in AJ function. In both vertebrates and Drosophila, cad­
herins are required not only for static cell–cell contacts but also 
for regulation of dynamic morphogenetic processes (Nishimura 
and Takeichi, 2009; Harris and Tepass, 2010). Despite the simi­
larities in the biological functions of the vertebrate and Drosophila 
cadherins, however, their extracellular regions show significant 
differences in domain organization as well as in molecular size; 
and further differences are observed among the cadherins of dif­
ferent species.
In addition to the cadherins that function as AJ compo­
nents, a number of related molecules have also been classified 
as members of the cadherin superfamily (Takeichi, 2007; Hulpiau 
and van Roy, 2009). These molecules possess the ECs like the 
AJ­associated cadherins, but their cytoplasmic amino acid se­
quences diverge considerably, implying that the various super­
family members interact with different molecules inside the 
cell. Representative members of the superfamily in the verte­
brates and Drosophila are shown in Figs. 1 A and 2. Among 
them are proteins that still function as adhesion molecules: des­
mocollin and desmoglein are desmosomal components, whereas 
cadherin 23 and protocadherin 15 interact to form tip links that 
connect stereocilia in the inner ear (Kazmierczak et al., 2007). 
However,  other  members  display  different  biological  func­
tions. For example, Fat cadherin and its binding partner Dach­
sous regulate cell proliferation as well as planar cell polarity 
Adhesion between cells is essential to the evolution of multi­
cellularity. Indeed, morphogenesis in animals requires firm 
but flexible intercellular adhesions that are mediated by 
subcellular structures like the adherens junction (AJ).   
A key component of AJs is classical cadherins, a group of 
transmembrane proteins that maintain dynamic cell–cell 
associations in many animal species. An evolutionary re­
construction of cadherin structure and function provides a 
comprehensive framework with which to appreciate the di­
versity of morphogenetic mechanisms in animals.
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heterophilic interactions with other cadherin molecules. These 
interactions result in various cellular events such as adhesion and 
signaling, depending on the properties of cytoplasmic partners. 
Within each subfamily, the entire domain organization of the 
members tends to be conserved, even between phylogenetically 
distant bilaterian animals (e.g., this occurs in the Fat and Celsr/
Flamingo subfamilies). In this respect, the cadherins responsi­
ble for AJ formation are rather unique, as they show a consider­
able diversification in their extracellular region.
In this review, we describe the structural diversity of   
“classic” cadherins essential for AJ formation in metazoans, 
(Matakatsu and Blair, 2004; Reddy and Irvine, 2008; Ishiuchi 
et al., 2009), and Celsr/Flamingo functions also in planar cell 
polarity  (Saburi  and  McNeill,  2005).  Protocadherins  form  a 
large subfamily in the vertebrates, and its members are found in 
other chordates and bilaterians, whereas they are missing in 
Drosophila. The  biological  functions  of  protocadherins  are 
not fully understood: many of them appear to destabilize cell–
cell adhesions rather than stabilize them (Chen and Gumbiner, 
2006; Yasuda et al., 2007; Nakao et al., 2008).
What is common throughout the superfamily members   
is that their extracellular domains are used for homophilic or 
Figure 1.  Diversity of intercellular junctions in the Metazoa. (A) Components of the vertebrate and Drosophila junctional complexes found in typical mature 
epithelia. TJ, tight junction; AJ, adherens junction; Des, desmosome; SJ, septate junction. Cadherins and associated proteins that constitute the AJ and the 
Des are shown. The arrow at the PCPS of DE-cadherin indicates the proteolytic cleavage site. (B) Phylogenetic distributions of the junction types observed 
in epithelia. “a” denotes that SJ-like junctions are present in the nervous system of vertebrates (Bellen et al., 1998); “b” denotes that TJ-like junctions are 
present in the nervous system of chelicerate arthropods (Lane, 2001); and “c” denotes that AJ-like junctions are present in the slime mold Dictyostelium 
References: Wood, 1959; Farquhar and Palade, 1963; Ledger, 1975; Spiegel and Howard, 1983; Lane et al., 1986, 1987; Ruthmann et al., 1986; 
Tepass and Hartenstein, 1994; Leung et al., 1999; Grimson et al., 2000; Fritzenwanker et al., 2007; Ereskovsky et al., 2009.1139 Diversity of cadherins at adherens junctions • Oda and Takeichi
AJs (Takeichi and Abe, 2005). Type­II cadherins are also ex­
pressed by various cell types, such as mesenchymal and neu­
ronal cells, but their role in AJ formation is not yet clearly 
defined. Their dysfunctions cause various physiological de­
fects in cellular behavior and functioning, particularly in the 
nervous system (Suzuki and Takeichi, 2008). There is no strict 
tissue or organ specificity in the distribution of each classical 
cadherin subtype, except that VE­cadherin seems to be ex­
pressed exclusively in vascular endothelial cells.
In addition to type­I and type­II cadherins, there are ex­
ceptional classical cadherins, classified as type III, in non­
mammalian  vertebrates  (Fig.  3 A;  Tanabe  et  al.,  2004).  A 
representative  is chicken cHz­cadherin, which encodes 15 
ECs. The transcripts for this cadherin are not clearly detectable 
in most embryonic tissues, except in the horizontal cells of the 
neural retina. cHz­cadherin is able to induce cell aggregation 
when introduced into cultured cells; however, its roles in vivo 
have not yet been determined.
Classical cadherins in Drosophila and  
other arthropods
The first classical cadherin identified in the invertebrates was 
Drosophila melanogaster DE­cadherin, which is the product 
of the shotgun locus (Tepass et al., 1996; Uemura et al., 1996). 
DE­cadherin differs from the vertebrate classical cadherins in 
its extracellular domain organization. It has seven ECs, in con­
trast with the five ECs in the vertebrate classical cadherins. 
Moreover, between the EC cluster and the transmembrane re­
gion, a primitive classical cadherin proteolytic site domain 
(PCPS, previously termed the nonchordate cadherin domain), 
an EGF­like domain (EGF), and a laminin globular domain 
(LmG) are present (Oda and Tsukita, 1999). Cadherins with 
and we discuss the functional significance of this diversifica­
tion. The classical cadherins (in contrast with other members of 
the cadherin superfamily) are defined as molecules with a con­
served cytoplasmic region capable of binding p120­catenin and 
­catenin/Armadillo, irrespective of the organization of their 
extracellular region.
Classical cadherins in vertebrates
Classical cadherins were originally identified as Ca
2+­dependent, 
homophilic adhesion molecules in vertebrates. The extra­
cellular region of these cadherins consists of five ECs. The   
mammalian genome encodes 20 subtypes of classical cad­
herin, all of which show the 5­EC organization. Each subtype 
has a binding preference for the same subtype, although many 
subtypes can cross­interact with other restricted subtypes. The 
5­EC organization is also shared by desmocollin, which is not 
categorized as a classical cadherin because it has a distinct cyto­
plasmic domain that can bind plakoglobin but not ­catenin 
(Fig. 1 A). Despite this difference, desmocollin seems to be a 
close relative to the classical cadherins because of the highly 
conserved  exon–intron  organization  between  their  genes 
(Greenwood et al., 1997). The other desmosomal cadherin, 
desmoglein, is less similar to the classical cadherins. Based on 
phylogenetic relationships, the vertebrate classical cadherins 
have been classified into type I (e.g., E­ and N­cadherin) and 
type II (e.g., cadherin­6 and ­8; Takeichi, 1995; Hulpiau and 
van Roy, 2009). Type­I cadherins play a major role in AJ­ 
mediated cell–cell adhesion. For example, E­cadherin is ex­
pressed in most epithelial tissues, and N­cadherin is expressed 
by a variety of cell types, including neuroepithelial cells, neu­
rons, and mesenchymal cells. Loss of these type­I cadherins 
results in the disorganization of the AJs, including synaptic 
Figure 2.  The domain structures of representative members of the major cadherin subfamilies in the mouse and Drosophila. Shown is a comparison of the 
domain structures based on predictions of domains by SMART/Pfam analysis, except for the PCPS in DE-cadherin. Some cadherin subfamilies are missing 
in Drosophila.JCB • VOLUME 193 • NUMBER 7 • 2011   1140
Figure 3.  Diversity and evolution of the extracellular domain structures of classical cadherins in the Metazoa. (A) Comparison of the domain structures of 
selected classical cadherins and a desmosomal cadherin in bilaterian and nonbilaterian metazoan phyla. Gaps (dotted lines) are introduced to highlight 
homologous extracellular regions between distinct cadherins. (B) Comparison of the domain compositions among the classical cadherin types. (C) A pos-
sible phylogenetic diagram showing key genomic changes that contributed to the structural diversification of cadherins at the AJ and the desmosome.1141 Diversity of cadherins at adherens junctions • Oda and Takeichi
cannot normally grow out and fasciculate, as found in the case 
of DN­cadherin mutants. HMR­1A is likely the gene product 
involved in ventral epithelial closure. It shares its entire region 
with HMR­1B, except its N­terminal part encoded by a small, 
unique exon. At the ultrastructural level, the C. elegans junc­
tional complex consists of only a single component (Fig. 1 B). 
At the molecular level, however, the presence of junctional sub­
divisions that are comparable to the Drosophila junctional com­
plex has been predicted (Knust and Bossinger, 2002). In sum, 
C. elegans has a smaller epithelial cadherin and a larger neuro­
nal cadherin, as found in Drosophila, and these two proteins are 
derived from a single gene.
The genome of the echinoderm sea urchin Strongylocen-
trotus  purpuratus  has  only  a  single  classical  cadherin  gene 
(Whittaker et al., 2006). Its likely orthologues, LvG­cadherin 
and Ap­cadherin, were identified in another sea urchin species 
and a starfish species, respectively (Miller and McClay, 1997; 
Oda et al., 2005). The domain structure of either of these   
echinoderm cadherins closely resembles that of DN­cadherin. 
However, unlike DN­cadherin, both echinoderm cadherins clearly 
localize at the AJ in epithelia. A proposed sister group of the 
echinoderms is the hemichordates. In the hemichordate Ptych-
odera flava, a classical cadherin whose extracellular domain 
structure is similar to but distinct from those of the echinoderm 
cadherins was identified as an epithelial AJ component (Oda et al., 
2005). Thus, as in the case of arthropods, classical cadherins 
with various domain structures are used for epithelial junction 
formation in the echinoderm/hemichordate lineage.
The phylum Chordata consists of three subphyla: Verte­
brata, Urochordata, and Cephalochordata. The genome of the 
urochordate ascidian Ciona intestinalis has only two classical 
cadherin genes (Sasakura et al., 2003), one related to the gene 
for type­I cadherins and the other to that for type­II cadherins. 
The presence of type­I and ­II cadherins is thus a shared feature 
of the vertebrates and urochordates. In the cephalochordate am­
phioxus Branchiostoma belcheri, there is a pair of very unique 
cadherins, Bb1­ and Bb2­cadherins (Fig. 3 A; Oda et al., 2002, 
2004). These molecules have highly conserved classical cad­
herin cytoplasmic domains, which are able to form a complex 
with Drosophila ­catenin. However, they lack ECs in their ex­
tracellular regions. These Bb1­ and Bb2­cadherins share the 
LmG/EGFs with type­III cadherins. More importantly, despite 
the lack of ECs, Bb1­ and Bb2­cadherins are able to function as 
homophilic adhesion molecules. Consistent with the absence of 
Ca
2+­binding ECs, their activities are Ca
2+ independent. More­
over, these molecules localize at the AJs in the embryonic epi­
thelia, where ­catenin colocalizes, suggesting the possibility 
that they might have substituted for classical cadherins in this 
particular species. On the other hand, the genome database of 
the cephalochordate Branchiostoma floridae shows that, in ad­
dition to Bb1­ and Bb2­cadherin orthologues, this species has a 
putative type­III cadherin (BRAFLDRAFT_201381; Putnam   
et al., 2008; Hulpiau and van Roy, 2011). This cadherin shows 
relatively high sequence similarity to cHz­cadherin.
In summary, classical cadherins in bilaterian metazoans 
show a large diversity in their extracellular domain organization 
(Fig. 3, A and B). Type­I and ­II cadherins are expressed only by 
essentially the same domain structure as DE­cadherin have 
been found in multiple species of insects and in a branchiopod 
crustacean, and are classified as type­IV cadherins (Oda et al., 
2005; Hulpiau and van Roy, 2009). DE­cadherin is indispens­
able for epithelial AJ formation (Le Borgne et al., 2002; Wang 
et al., 2004).
The  Drosophila  melanogaster  genome  has  two  other 
genes encoding classical cadherins, namely DN-cadherin/CadN 
and CadN2, which are located close to each other (Fig. 3 A; 
Iwai et al., 1997; Prakash et al., 2005). DN­cadherin has 16 ECs 
and 2 LmGs, and therefore is much bigger than DE­cadherin. 
Multiple  DN­cadherin  isoforms  are  generated  by  alternative 
splicing, although these isoforms appear to be functionally re­
dundant (Prakash et al., 2005; Ting et al., 2005; Hsu et al., 
2009). Similar to the vertebrate N­cadherin, DN­cadherin is   
expressed in mesodermal and neural tissues. Despite their dis­
similar structures, DN­cadherin and vertebrate N­cadherin play 
analogous roles in neural development and synaptic connec­
tions (Takeichi, 2007). This is similar to the relationship be­
tween DE­cadherin and vertebrate E­cadherin. Thus, although 
the overall structures of classical cadherins have diverged, the 
use of different cadherin subtypes for the assembly of different 
cell  groups  appears  to  have  been  conserved  among  species. 
CadN2, on the other hand, has only six ECs, and it exhibits no 
detectable adhesion activity (Yonekura et al., 2007). CadN2­
null mutants are viable (Prakash et al., 2005), although CadN2 
has subtle functions that are partially redundant with those of 
DN­cadherin.
Despite  their  distant  relationship,  DN­cadherin  and 
chicken cHz­cadherin resemble each other in their domain struc­
tures (Fig. 3 A). Because of this resemblance, DN­cadherin can 
be classified as a type­III cadherin. Compared with type­IV 
cadherins, type­III cadherins have been found in a broader range 
of arthropods (Oda et al., 2005). Type­III and ­IV cadherins 
share a common framework consisting of three elements: the 
ECs, PCPS, and EGF/LmGs. However, they differ in the num­
bers of these domains (Fig. 3, A and B). In some noninsect ar­
thropods, including a chelicerate spider, type­III but not type­IV 
cadherins localize at AJs in embryonic ectodermal epithelia,   
indicating that the epithelial AJs can use type­I, ­II, ­III, or ­IV 
cadherins, depending on the species and tissue type.
Classical cadherins in other  
bilaterian metazoans
The genome of the nematode Caenorhabditis elegans has only 
a single classical cadherin gene, hmr-1 (Costa et al., 1998). This 
gene appears not to be essential for maintaining general cell–
cell adhesions in embryos, as the animals lacking hmr-1 are 
able to develop through gastrulation. However, the leading cells 
at the site of ventral epithelial closure require hmr-1; for in its 
absence, the closure fails (Raich et al., 1999). The hmr-1 gene 
has a complicated structure encoding two isoforms, HMR­1A 
and HMR­1B, which have 2 and 14 ECs, respectively (Fig. 3 A; 
Broadbent and Pettitt, 2002). The transcript for HMR­1B is 
generated by an alternative, neuron­specific promoter, followed 
by alternative splicing. HMR­1B resembles DN­cadherin in its 
structure and function: Without HMR­1B, motor neuron axons JCB • VOLUME 193 • NUMBER 7 • 2011   1142
The length and domain composition of the cnidarian and 
placozoan classical cadherins are similar to those of bilaterian 
Fat cadherins, which typically have 34 ECs, one or two LmGs, 
and several EGFs (Fig. 2). Some cnidarians have a Fat cadherin 
(Abedin and King, 2008). Fat and its heterophilic binding part­
ner Dachsous are not the components of AJs, but are detected at 
the plasma membranes above the AJs (Ma et al., 2003; Ishiuchi 
et al., 2009). Nevertheless, the cytoplasmic domain of Dachsous 
contains the amino acid sequences, which are weakly but sig­
nificantly similar to those of the cytoplasmic domains of classi­
cal cadherins (Clark et al., 1995). Thus, as far as primary structure 
is concerned, the cnidarian and placozoan classical cadherins 
possess combined features of the Fat and Dachsous cadherins. 
The evolutionary processes that gave rise to these three cad­
herin types, however, remain unclear.
Among the four major poriferan sponge groups, the Homo­
scleromorpha is thus far the only group in which intercellular junc­
tions resembling the bilaterian AJ have been observed (Ereskovsky 
et al., 2009). Amphimedon queenslandica, belonging to another 
group, the Demospongiae, was the first sponge species to have its 
genome sequenced (Srivastava et al., 2010). In this species, a 
classical cadherin­like gene was identified (Sakarya et al., 2007; 
Abedin and King, 2008; Fahey and Degnan, 2010). This cadherin 
has EGF and LmG domains together with 14 ECs, but its cyto­
plasmic domain shows only weak sequence similarities to the cyto­
plasmic domains of bilaterian classical cadherins, even though a 
suite of catenin genes is present in the sponge genome. Whether 
the Amphimedon cadherin can bind catenins, and functions as an 
adhesion molecule, needs to be further investigated.
Choanoflagellates are considered to be the closest unicellu­
lar relatives of metazoans. The choanoflagellate Monosiga brevi-
collis genome has up to 23 cadherin genes; however, none of 
them contains a sequence related to the cytoplasmic domain of 
classical cadherins (Abedin and King, 2008). Because the do­
main compositions and organizations of these choanoflagellate 
cadherins are very unique, it is difficult to relate them to known 
metazoan  cadherin  families. Among  them,  MBCDH21  is  the 
only cadherin that has a combination of ECs, LmG, EGF, and 
transmembrane domains. The predicted number of ECs in the   
extracellular region of this cadherin is 45, and a protein tyrosine 
phosphatase domain is present in the cytoplasmic region. This 
domain combination has not been found in the metazoans.
Although the Monosiga genome lacks ­catenin ortho­
logues (Abedin and King, 2008), another nonmetazoan species, 
Dictyostelium discoideum, has a close homologue of ­catenin, 
Aardvark, which has been characterized as a component of   
actin­associated intercellular junctions (Grimson et al., 2000). 
Aardvark  has  a  conserved  sequence  motif  for  binding  to   
­catenin. Recently, an ­catenin orthologue that is capable of 
binding to Aardvark as well as to mouse ­catenin in vitro was 
also identified in Dictyostelium discoideum (Dickinson et al., 
2011). Functional studies suggested that Aardvark and this   
­catenin orthologue regulate epithelial polarity and multicellular 
morphogenesis, although these molecules appear not to be es­
sential for the formation of intercellular junctions (Dickinson et al., 
2011). In addition, DdCAD­1, a protein of 213 amino acid 
residues, has weak sequence similarities to ECs, and functions 
species in the Vertebrata and Urochordata subphyla. All other 
species of the bilaterian metazoans express type­III, ­IV, or an­
other class of cadherins. When one species expresses multiple 
types or subtypes of these molecules, each molecule is special­
ized for the adhesion of particular cell groups. It should be noted 
that epithelial and neural cadherins are not functionally inter­
changeable in mouse development (Kan et al., 2007) or in 
Drosophila photoreceptor axon extension (Prakash et al., 2005). 
It has also been shown that DE­ and DN­cadherins have oppos­
ing effects on the ommatidial rotation (Mirkovic and Mlodzik, 
2006), and that these two cadherins differentially regulate reti­
nal cell patterning (Hayashi and Carthew, 2004). These lines of 
evidence suggest a functional significance of the cadherin sub­
type diversification.
Potential mechanisms for cadherin 
diversification in the bilaterian metazoans
How have the classical cadherins diversified in the bilaterian 
metazoan? It should be noted that type­III domain structures are 
recognized in many different bilaterian lineages. BLAST­based 
comparisons of individual domains to identify homologous re­
gions between type­III and other cadherins suggest that type­III 
cadherins might represent the ancestral form of bilaterian clas­
sical cadherins (Fig. 3, A and C; Oda et al., 2005; Hulpiau and 
van  Roy,  2011).  In  addition,  lineage­specific  domain  losses 
from type­III cadherins account well for the observed diversity. 
For  example,  the  five  ECs  of  mouse  cadherin­20  and  other   
type­II cadherins closely resemble the last five ECs of type­III 
cadherins, such as the Branchiostoma BRAFLDRAFT_201381 
cadherin and cHz­cadherin, and are less similar to any five con­
secutive ECs of other cadherin superfamily members (Fig. S1; 
Hulpiau and van Roy, 2011). It is therefore likely that the 5­EC 
organization of type­I and type­II cadherins was established 
through a loss of N­terminal ECs, PCPS, and EGF/LmGs from 
an ancestral type­III cadherin. Likewise, the ECs of type­IV 
cadherins are similar to certain portions of type­III cadherins, 
supporting the idea that they also originated from a type­III cad­
herin. Importantly, any five consecutive ECs of type­IV cadher­
ins are not homologous to the five ECs of type­I/II cadherins.
The ancestry of classical cadherins
Intercellular junctions in nonbilaterian metazoan species ultra­
structurally resemble the bilaterian AJs (Fritzenwanker et al., 
2007; Magie and Martindale, 2008). The recently available ge­
nomes of two cnidarian species, Nematostella vectensis and 
Hydra magnipapillata, and a placozoan species, Trichoplax   
adhaerens, revealed that they have conserved classical cadherin 
cytoplasmic domains (Abedin and King, 2008; Chapman et al., 
2010; Hulpiau and van Roy, 2011). These putative classical cad­
herins resemble the bilaterian type­III cadherins except that they 
have much larger numbers of ECs (Fig. 3 A). The 14 C­terminal 
ECs of the Trichoplax cadherin, TaCDH, are suggested to be 
homologous to the 14 C­terminal ECs of bilaterian type­III cadher­
ins (Fig. 3 A; Hulpiau and van Roy, 2011). Loss of the N­terminal 
ECs might have occurred during the nonbilaterian­to­bilaterian 
transition. Whether or not the cnidarian and placozoan classical 
cadherins localize at AJs remains to be determined.1143 Diversity of cadherins at adherens junctions • Oda and Takeichi
DE­cadherin, these domains cover 38 and 30% of the entire 
extracellular region, respectively. What are the functions of these 
domains, which are missing in the vertebrate classical cadherins?
The  PCPS  domain  was  found  to  contain  a  proteolytic 
cleavage  site. The  mature  DE­cadherin  is  composed  of  two 
polypeptides that have resulted from proteolytic cleavage at a 
specific site in the PCPS (Oda and Tsukita, 1999). After cleav­
age, these two polypeptides are noncovalently bound to each 
other, probably via the PCPS. The PCPS domain shows weak 
but significant sequence similarities to the ECs, suggesting that 
it might have diverged from an EC. The PCPS cleavage can be 
blocked by the introduction of amino acid substitutions at the 
cleavage site (Oda and Tsukita, 1999). However, such cleavage­
lacking  DE­cadherin  mutants  are  able  to  fully  rescue  the   
morphological defects and lethality caused by the shotgun­null 
mutation, indicating that PCPS cleavage is not essential for the 
developmental role of DE­cadherin (Haruta et al., 2010). Analyses 
of DE­cadherin deletion constructs showed that the PCPS cleav­
age requires part of the adjacent EC7, implying that the EC7 
and PCPS domains may form a functional unit. DEP, a DE­
cadherin derivative in which the PCPS/EGF/LmG and EC7 do­
mains have been deleted, shows a strong cell–cell binding ability 
(Haruta et al., 2010). Ultrastructurally, the AJs in which DE­
cadherin is replaced by DEP show no recognizable abnormali­
ties (Fig. 4). The intercellular distance between the junctional 
membranes is not significantly affected by the absence of the 
membrane­proximal half of the extracellular region, suggesting 
that the length of this region is not the major factor determining 
the space between plasma membranes. Furthermore, DEP is 
also able to rescue, to a large extent, the defects caused by the 
shotgun­null mutation, suggesting that the PCPS/EGF/LmG   
region is dispensable not only for the homophilic binding of 
DE­cadherin but also for AJ assembly and the formation and 
maintenance of epithelia (Fig. 4).
Notably,  however,  the  replacement  of  DE­cadherin  with 
DEP impairs the apical constriction of the cell layers, which 
drives ventral furrow formation early in Drosophila gastrulation 
(Fig. 4; Haruta et al., 2010). This indicates the importance of the 
PCPS/EGF/LmG domains for dynamic aspects of AJ function. 
Apical constrictions of ventral furrow cells are indeed a dynamic 
process accompanied by pulsed contractions of actomyosin net­
works that are tethered to the AJs (Dawes­Hoang et al., 2005; 
Martin et al., 2009). It is important to clarify how these domains 
are  involved  in  such  active  cell–cell  junctions.  It  should  be   
noted  that,  although  the  vertebrate  type­I/II  cadherins  have  no 
mechanism by which to split themselves into two portions, the   
extracellular region of E­ and N­cadherin can be cleaved by a 
metallopeptidase at a juxtamembrane site (Maretzky et al., 2005; 
Reiss et al., 2005). This nature of vertebrate cadherins may facili­
tate their turnover, which would be required when cells are under­
going remodeling of cell junctions. Given that the linkage between 
the two polypeptides of DE­cadherin is cleavable, the presence of 
the PCPS responsible for this linkage might be important for   
DE­cadherin turnover. In any case, solving the mystery of the role 
of the EC7­to­LmG region unique to the nonchordate classical cad­
herins will provide an insight into how cell–cell adhesion is con­
trolled differently in the chordates and nonchordates.
as a Ca
2+­dependent adhesion molecule during Dictyostelium 
multicellular development (Wong et al., 1996, 2002; Lin et al., 
2006). This protein is, however, expressed extracellularly, lack­
ing  transmembrane  and  cytoplasmic  domains  (Sesaki  et  al., 
1997). Therefore, Aardvark is unlikely to bind to DdCAD­1. 
The Dictyostelium genome, as well as the plant and fungus ge­
nomes, encodes no proteins containing typical EC repeats or 
those corresponding to the classical cadherin cytoplasmic do­
mains (Abedin and King, 2008; Dickinson et al., 2011). Thus, 
the  evolutionary  history  of  classical  cadherins  has  not  been 
traced back to nonmetazoan organisms.
Structure–function relationships in the 
diversified cadherins
The type­III and ­IV cadherins, in general, have larger numbers 
of EC domains than do the type­I/II cadherins. How do these 
ECs participate in the homophilic or heterophilic interactions be­
tween cadherin molecules? Many lines of research have aimed to 
elucidate the structural basis of the cadherin interactions, but 
using only vertebrate classical cadherins. Electron microscopic 
observations show that an isolated extracellular domain of type­I 
cadherins assumes a slightly curved, rod­like shape with a length 
of 22 nm (Pokutta et al., 1994). Based on the results of x­ray 
crystallographic studies, it has been proposed that EC1 and resi­
dues near the EC1–EC2 calcium­binding sites play a central role 
in homophilic binding (Katsamba et al., 2009; Harrison et al., 
2010). The role of EC3 to EC5 seems to be only to sustain the 
rod­like morphology of the molecules, although this part of the 
cadherin structure has not yet been thoroughly investigated. Such 
molecular analysis has not yet been conducted for type­III/IV 
cadherins, and it is totally unknown how the larger cadherins 
manage their repeated ECs in their interactions. For example, it 
remains to be determined whether these cadherins also use the 
N­terminal ECs or other ECs for their homophilic interactions.
According to the above model of type­I cadherin binding, 
the rod­like cadherin extracellular domains undergoing homo­
philic interactions need to tilt in order to accommodate them­
selves to the narrow intercellular space of 15–25 nm of the AJs 
(McNutt and Weinstein, 1973). Importantly, the overall struc­
tures of AJs, including the intercellular distances, are apparently 
conserved among the bilaterian metazoans. Nevertheless, the 
lengths of the extracellular regions of bilaterian classical cad­
herins vary considerably. How are the cadherins with longer 
sizes accommodated in this conserved “narrow” intercellular 
space? Do they further tilt or become globular? And, which 
mechanisms determine the conserved intercellular distances of 
the AJs? These questions remain to be answered. In the case of 
cadherin 23, which is another large cadherin belonging to the 
cadherin superfamily (Fig. 2), it exhibits a simple strand­like 
shape (Kazmierczak et al., 2007); but this cadherin can occupy 
wide inter­plasma membrane spaces between stereocilia.
Functions of the domains unique to the 
nonchordate classical cadherins
An important feature of the nonchordate classical cadherins is 
the presence of the PCPS/EGF/LmG domains in their extra­
cellular juxtamembrane region. In the case of Ap­cadherin and JCB • VOLUME 193 • NUMBER 7 • 2011   1144
is sustained. Besides, it is notable that the importance of classi­
cal cadherins in morphogenesis seems to vary across species. 
As an extreme case, C. elegans does not require classical cad­
herins for the maintenance of their embryonic epithelial junc­
tions, although these are required for fusion processes of cell 
sheets, indicating that the AJs are necessary only for dynamic 
aspects of cell–cell contacts, in this species. It is interesting to 
discover  the  cell–cell  adhesion  systems,  instead  of  classical 
cadherins, that are responsible for stable cell–cell associations 
in such species.
Genome  sequencing  of  primitive  metazoans  and  their 
close relatives has opened up the door to understanding the an­
cestry of the classical cadherins. It is relatively easy to identify 
candidate genes on the basis of sequence similarity, but is diffi­
cult to obtain experimental evidence for their functions in re­
spective species. Continuing efforts are necessary to develop 
experimental model systems for each species. The final impor­
tant questions are the following: What were the functions of an­
cient cadherins before they were co­opted for cell junctional 
formation? When and how did the extracellular cadherin re­
peats merge with the cytoplasmic domain containing catenin­
binding sequences, the hallmark of the classical cadherins? The 
latter question is closely relevant to the problem of the origin of 
multicellular animals. Further analysis of the processes that 
evolved the cadherin­mediated junctions should provide a 
clue to give us a deeper understanding of the origin and diver­
sity of metazoans.
Perspectives
Despite the extensive diversification in their extracellular do­
main organization, the classical cadherins’ cytoplasmic regions, 
as well as the apparent architecture of AJs where the classical 
cadherins are localized, are conserved among the species. This 
implies that the cytoplasmic region that interacts with catenins 
and other cytoplasmic molecules is most critical for the struc­
ture and functions of the AJs, and that the extracellular region is 
changeable. However, why the size and domain organization of 
the extracellular region can be so variable remains completely 
mysterious. To solve this mystery, it is necessary to know how 
large cadherins, such as type­III and ­IV cadherins, undergo 
their homophilic or heterophilic interactions with other cadher­
ins. It is particularly important to determine which ECs are criti­
cal for these interactions, and to determine the roles of other 
ECs. The functions of the conserved PCPS/EGF/LmG region 
also should be further investigated. A goal of these studies is to 
understand how the cadherins with different domain organiza­
tions undergo similar adhesive functions at the conserved inter­
cellular structures.
At the same time, we should also ask whether the extra­
cellular diversification of classical cadherins might have brought 
about their functional changes, and whether such changes would 
have any relevance to the morphological diversification of ani­
mals. It would be intriguing to test if a given cadherin in a par­
ticular species can be replaced with another cadherin derived 
from a separate species such that the morphogenesis of the former 
Figure 4.  Replacement of DE-cadherin with a shortened DE-cadherin, DEP. Shown are Drosophila embryos in which DE-cadherin was replaced with 
DE-cadherin-GFP (A, C, and E) or DEP (B, D, and F), which was also tagged with GFP. (A and B) Scanning electron microscopy images showing the 
ventral view of early gastrulation–stage embryos. (C and D) Cross sections of early gastrulation–stage embryos. Green, GFP fluorescence; red, neurotactin 
staining. The ventral furrow is seen in A and C but not in B and D (arrows). The ectodermal epithelia developed normally in both embryo types.   
(E and F) Transmission electron microscopy images showing an apical region of cell contact in the lateral epidermis of late-stage embryos. AJ (arrowheads) 
and SJ (brackets) are seen in both E and F, where there are no recognizable distinctions. Bars: (A) 200 µm; (F) 200 nm. Adapted from Haruta et al., 2010 
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